ABSTRACT. Cashew (Anacardium occidentale) nut shell liquid (CNSL) has been successfully used in trials as an Aedes aegypti larvicide, but little is known about its environmental effects. In this study, the potential effects of CNSL and a CNSL-based phyto-product formulation on the germination and growth of Lactuca sativa (lettuce), Lycopersicon esculentum (tomato) and Senna obtusifolia (coffee senna) were assessed. The pH of CNSL and the formulation were 6.4 and 6.8, respectively; the electrical conductivities were 2.89 μS cm -1 (CNSL) and 2.21 μS cm -1 (formulation), respectively, and both contained anacardic acid (53.2%) and degradation products. In bioassays for germination and growth, CNSL (25, 50, 100, 150, and 200 mg mL -1 ), the formulation (100 mg mL -1 ) and the control were used in a completely randomized design. The results demonstrated the chemical effects of CNSL, which negatively affected the germination and vigor of lettuce and tomato and the vigor of coffee senna; for growth, it negatively influenced both the root and aerial parts of lettuce and tomato, but only the roots of coffee senna. The formulation had negative effects on the vigor of coffee senna and the growth of tomato and lettuce seedlings (roots and aerial parts). The results indicate the phytotoxicity of CNSL and the formulation for the plant species tested.
Introduction
The arboreal species Anacardium occidentale L. (Anacardiaceae) is popularly called the cashew tree; of the 11 species of the genus Anacardium, it is the best known. Although the cashew tree is a plant native to Brazil that is abundant in the Northeast and Midwest, it is also cultivated in various tropical regions in Asia and Africa and in countries such as India, Mozambique and Tanzania (Kamath & Rajini, 2007) .
The easy reproduction and extensive cultivation area of the cashew tree are of great socioeconomic importance in Brazil. Among other uses, this tree is used in agroforestry systems, in family agriculture (Vieira, Rosa 2007) and for reforestation (Salomão, Brienza Júnior, & Rosa, 2014) . Among the pioneer species in Mato Grosso, the cashew tree has proven to be one of the native trees of the Cerrado indicated for the consortium with manioc for influences on productivity (Martinotto, Martinotto, Coelho, Azevedo, & Albuquerque, 2012) . The fruit, especially the nut, has great social and economic importance in the Northeast due to the large volume exported. As the nut is obtained, cashew nut shell liquid (CNSL) is a by-product that represents approximately 25% of the weight of nut and is considered to be a low value-added product . CNSL is an oil resin with caustic properties (Lorenzi & Matos, 2008) and until recently, was employed exclusively in the automotive industry for friction powder formulations, electrical insulations, and waterproofing, among other uses ).
CNSL it is not pure and contains approximately 90% anacardic acid, a phenolic compound biosynthesized from fatty acids that can be phytotoxic (Correia, David, & David, 2006; Chaves et al., 2010) . Anacardic acid is readily decarboxylated at high temperatures and generates degradation products such as cardanol, cardol and 2-methil-cardol (Rodrigues, Feitosa, Ricardo, França, & Carioca, 2006; .
CNSL has also been reported to have several medicinal properties, including anti-inflammatory, analgesic and antitumoral effects, in addition to indications as a molluscicide, fungicide and bactericide . CNSL has been used as a potential larvicide targeting Aedes aegypti (Linnaeus, 1762) (Shaalan, Canyon, Younes, AbdelWahab, & Mansour, 2005; Porto, Roel, Machado, Cardoso, & Oliveira, 2013; Dourado et al., 2015) , a vector of dengue and other arboviruses of relevance that is considered to be a serious public health problem.
As a larvicide, various concentrations of CNSL have been employed. Mendonça et al. (2005) described the lethal concentration (CL 50 ) to be 14.5 mg L -1 ; Shaalan et al. (2005) suggested 10 mg L -1 ; Asogwa, Mokwunye, Yahaya, and Ajao (2007) cited 100% mortality at 60, 80, and 10 mg mL -1 concentrations; and Porto et al. (2013) recently used a base formulation of CNSL in concentrations of 0.002 to 10 mg mL -1 . Unfortunately, the reforestation and forestry programs of A. occidentale in various regions of Brazil do not consider some inherent family characteristics. According to Ceruks, Romoff, Fávero, and Lago (2007) , this group has different species with high allelopathic activity, the action of which is mainly due to phenolic constituents with toxic actions.
The allelopathy occurs through the release of chemical substances called allelochemicals that can act as "natural herbicides", reducing competition for resources; the release occurs through the decomposition of leaves and stems and direct exudation into the soil by the roots, among other ways. This type of process currently constitutes a potential source for new structural models of herbicides, which may act more specifically and with greater potential than those currently used in agriculture, causing less damage to the environment (Zeng, Mallik, & Luo, 2010) . Thus, allelopathy can provide different methods of integrated weed control and new generations of phytotoxins.
The resistance or tolerance to secondary metabolites is a species-specific characteristic, resulting in higher sensitivity in Lactuca sativa L. (lettuce) and Lycopersicon esculentum Miller (tomato), which are considered to be indicator plants of allelopathic activity. To be indicated as a test plant, the species must present rapid and uniform germination and a degree of sensitivity that enables the expression of results at low concentrations of allelopathic substances (Soltys, Bogatek, & Gniazdowska, 2012) . However, it is also necessary to test the metabolites in wild species, such as coffee senna, Senna obtusifolia (L.) H. S. Irwin & Barneby, an annual subshrubby species that is considered invasive in pasture and crop areas.
As CNLS and its formulations are indicated for use as an alternative for the larval control of A. aegypti (Porto et al., 2013; Dourado et al., 2015) and the use of these products occurs in the environment where the larvae develop, it is necessary to evaluate allelopathic effects. Therefore, the aim of this study is to evaluate the effects of commercial CNLS and a CNLS-based phytoproduct formulation on the germination and development of L. sativa, L. esculentum and S. obtusifolia and to determine the quantitative and qualitative chemical composition of CNLS and the evaluated formulation.
Material and methods

Study material
The CNSL (Cashol The CNSL-based formulation was prepared by a spray-drying method, which involved the formation of small and uniform sized particles from a liquid sample that was nebulized in a chamber for drying in pre-warmed medium by dispersing CNSL in a hydro-alcoholic solution followed by absorption of 10% w/w corn starch. The powder was screened (200 mesh) for grain size calibration and stored at ambient temperature protected from light (Oliveira & Petrovick, 2010) .
CNSL and the obtained powdered formulation were submitted for chemical analysis to determine the anacardic acid content and degradation products (cardanol, cardol and methyl-cardol) since the anacardic acid is thermolabile (Risfaheri, Anwar Nur, & Sailah, 2009 ) and were subsequently employed in bioassays of germination and growth.
Research development
The research was conducted in the Research Laboratory of Environmental and Biodiversity Systems, University Anhanguera-Uniderp, Campo Grande, Mato Grosso do Sul State, Brazil.
Chemical analysis
The detection of anacardic acid in CNSL and the formulation (10 mg mL 
Bioassays
According to Rizzi et al. (2016) 5 mL of extracts were added to Petri dishes (7.0 cm diameter) and 10 mL in transparent plastic boxes (11.0 cm x 3.5 cm of height), both lined with two Germitest paper sheets that were not moistened again. The dishes and boxes were maintained in a germination chamber at 20°C (lettuce) and 25°C (tomato and coffee senna). The concentrations used were based on Asogwa et al. (2007) . were used for coffee senna, lettuce and tomato; these, along with a distilled water control (0 mg mL -1 ), were all setup in Petri dishes. The experimental design was completely randomized, with six treatments for lettuce and tomato and three for coffee senna, and four replications of 25 seeds for each treatment.
The dishes were evaluated every 24 hours for 7 days and considered germinated seeds when they showed a 2 mm primary root (Rizzi et al., 2016) . The coffee senna seed dormancy was overcome by soaking seeds in sulfuric acid for 20 minutes and then washing in running water for five minutes (Pozitano & Rocha, 2011) .
For the germination test, the percentage of germination and seed vigor was measured indirectly by average germination time in days (AGT) (Labouriau & Agudo, 1987) and the germination speed index (GSI) (Maguire, 1962) . ). The design was completely randomized with six treatments for lettuce and tomato and three for coffee senna with four replications containing 10 pre-germinated seeds for each species. An evaluation was performed 10 days after the beginning of the experiment and measured plant height (mm) from base to apex and root length (mm) from base to apex of the meristematic root system using a digital pachymeter (Rizzi et al., 2016) .
Statistical analyses
The averages were initially tested for normality presupposition of residues (Shapiro-Wilk test) and homogeneity of the variances (Bartlett's test), and it was not necessary to transform the data. The data of the characteristics evaluated were submitted to polynomial regression and posteriorly to analysis of variance. When there was significance, there was a comparison of means by Tukey test (5%) with statistical analysis processed using the Assistat 7.7 beta program. We present the data in tables (analysis of variance) and figures (polynomial regression) to better understand the results.
Results and discussion
Chemical analysis of CNSL Quantification of the anacardic acid in CNSL was 53.2%, which demonstrates the degradation of the CNSL used in this study. Mazzetto et al. (2009) , studying the CNSL and thermo-oxidative degradation, affirmed that it contains the most anacardic acid, followed by cardol, cardanol and 2-methyl-cardol. According to Lomonaco et al. (2009) , the anacardic acid is thermolabile and undergoes decarboxylation, losing the carboxyl and degrading it completely to generate structures such as cardanol (70%-75%), cardol (10%-20%), polymerized material (10%) and traces of 2-methyl-cardol.
The degradation was evident in the absorption spectra of CNSL and the formulation, which both presented the same maximum absorption at 280 and 320 nm ( Figure 1C and D) corresponding to the cardol and anacardic acid, respectively. These same wavelength values were described by Agostini-Costa et al. (2004) for CNSL. The bands 3 and 4 ( Figure 1C ) most likely represent methylcardol and cardanol, also by-products of CNSL. Degradation was also observed in chromatographic analysis (TLC) with registration of 4 bands ( Figure  1A ) with average retention factors (Rfs) of 0.22 for anacardic acid and 0.49 and 0.82 for cardol and cardanol, respectively. The Rfs values are consistent with those described by Agostini-Costa, Dos Santos, Garruti, and Feitosa, (2000) for CNSL composed of different clones of the cashew tree.
These results indicate that degradation of anacardic acid to 3 other substances has occurred in the CNSL; conversely, for the formulation based on CNSL (10 mg mg -1 ), in addition to anacardic acid, the presence of only 2 other bands ( Figure  1B) indicates a lower degradation and consequently greater stability of the CNSL present in the formulation.
The CNSL and the formulation had a pH of 6.4 ± 0.3 and a pH of 6.8 ± 0.2, respectively. AgostiniCosta et al. (2004) indicated that the pH of pure anacardic acid isolated from cashew nuts shells was between pH 4.2 to 4.7. Andrade, Oliveira, Innecco, and Silvas (2008) Table 2 ). With regards to the formulation, there was no interference with any of the parameters as they were statistically equal to the control (Figure 2 , Table 1 ).
Recent studies show that, although the final germination percentage is not significantly affected by the action of chemical compounds, the germination pattern can be modified when evaluating major differences in the speed and synchrony of the germination of seeds subjected to such compounds (Oliveira, Matias, Lopes, & Fontoura, 2014a) . These changes were observed in lettuce, tomato and coffee senna seeds subjected to CNSL as germination was less affected than seed vigor. For the formulation, only the size of the seedlings was negatively affected, which differs from the general observations regarding vigor.
It should also be noted that the tomato seeds were more affected than the lettuce seed extracts. This species, which belongs to the family Solanaceae, demonstrated the highest sensitivity to secondary metabolites identified in the extracts. Alternatively, lettuce, family Asteraceae, had lower sensitivity. The difference in the germination process is probably related to the physiology of the species tested because different families respond differently to the presence of metabolites, according to Rizzi et al. (2016) . ) on the effects on the germination and growth of Zea mays L. and Cucumis sativus L. indicated that with the increasing concentrations, the percentage of germinations and primary root lengths were reduced. Nwokeocha and Ezumah (2015) also identified negative effects on the germination of Z. mays using leaves and stem barks extracts of A. occidentale, and the rate of inhibition increased with increases in the concentration of the extracts of 25%, 50%, and 75%, revealing that the leaves and stem bark of the cashew plant contained substances that could inhibit the sprouting of seeds.
These results demonstrate that the presence of allelopathic compounds is capable of adversely affecting other species.
The results also indicated that the coffee senna, despite being considered an invasive species, is sensitive to chemical compounds present in the extracts, which increased the germination time at 200 mg mL Table 2 ). Thus, the use of these products at high concentrations would cause indirect damage to other species in the environment, which requires cautious use Periotto, Gualtieri, and Lima (2012) evaluated the allelopathic potential of 0, 4, 8, 12, and 16% (w/v) aqueous extracts from Anacardium humile Mart. stems and leaves on the germination of radish and lettuce. Only the radish seeds were affected by the 8% aqueous extracts. The rate of germination in lettuce seeds was significantly reduced using leaf extracts at all concentrations. Leaf extracts (8, 12, and 16%) and stems extracts (8%) also caused significant reductions in the rate of germination of the radish seeds.
The results demonstrated the allelopathic potential of species of this genus, indicating the presence of allelochemicals with a capacity to affect the germination of the target species.
Other researchers, such as Silva, Martim, Silva, Young, and Ladeira (2006) , identified the allelopathic potential in the leaves of an arboreal species of Cerrado [Ouratea spectabilis (Mart.) Engl., Qualea grandiflora Mart., Pouteria ramiflora (Mart.) Radlk., and Stryphnodendron adstringens (Mart.) Coville] on germination and concluded that the inhibitory activity was the result of a mixture of substances with different polarities.
Regarding the development of the lettuce and tomato seedlings, both root systems were negatively affected at the 25 mg mL -1 concentration of CNSL, and the formulation also damaged root development of the lettuce and tomato (Figure 2 , Table 1 ). The coffee senna root system was affected by 200 mg mL Table 2 ). Again, the results indicated that coffee senna, a weed species, was sensitive to chemical compounds that negatively affected the growth of the root system. Similar results presented by Periotto et al. (2012) and 12%) significantly inhibited growth in radish seedlings, demonstrating the potential use of species in this genus. Reigosa, Gomes, Ferreira, and Borghetti (2013) described the negative effects of chemical compounds that were observed during germination and seedling growth as germination was less sensitive than the growth of the seedlings and root necrosis, one of the more common symptoms, which were partially observed in the tests carried out.
The data obtained indicated that the root systems of the species tested were more affected than the aerial part. This behavior pattern was described by Hagemann et al. (2010) , who wrote that the root system is more sensitive to chemical metabolites due to its rapid stretching, which depends on the cell division process that is affected by the presence of metabolites. Additionally, the roots receive a longer exposure to metabolites as they are the first structure to emerge, and the compounds must be transferred through the roots before reaching the aerial parts, which is another factors that negatively influences development.
Similar results were reported by Oliveira, Pereira, Muller, and Matias (2014b) with greater effects on the growth than the germination using extracts from Ocotea odorifera (Vell.) Rohwer.
Data from Hagemann et al. (2010) indicated that the use of extracts of aerial parts of Avena sativa L. and A. strigosa Schreb caused a reduction in both germination and growth of roots and hypocotyl using Lolium multiflorum Lam. and Euphorbia heterophylla L.
According to Reigosa et al. (2013) , certain chemical compounds inhibit germination and growth by interfering with cell division, membrane permeability and the activation of enzymes. In the case of CNSL and the formulation, the effect on the tested species was related to the phenolic lipids (anacardic acid and decomposition products). Phenolic lipid action mechanisms are not yet understood, but Guimarães, Momesso, and Pupo (2010) and Dourado et al. (2015) described these effects on bacteria and Aedes aegypti larvae, respectively.
Based on this information, the effect of phenolic lipids occurs by presenting an aliphatic side chain with nonpolar (hydrophobic) and polar (hydrophilic) characteristics, which corresponds to the hydroxyl and carboxyl groups, respectively ). The aliphatic chain promotes the permeation of phenolic lipids by the lipid bilayer of the seed (lipoprotein membrane), affecting the permeability. Inside the cell, the polar groups of the phenolic lipids can act on protein amino acid residues, deactivating them (Guimarães et al., 2010) .
Physiological and morphological responses of seeds or seedlings to chemical compounds are secondary manifestations resulting from molecular and cellular alterations, whose mechanisms still remain unclear (Reigosa et al., 2013) . Likewise, the chemical profiles of most species tested in bioassays are also not available in the literature. Thus, the physio-chemical characterization of plant extracts used in these bioassays is important to inform the biological effects observed. Periotto et al. (2012) also wrote that bioassays are important for understanding and demonstrating allelopathy and to evaluate the phytotoxicity of active fractions of allelopathic compounds. The same authors also wrote that the presence of allelopathic compounds in plants does not necessarily imply allelopathic potential because allelopathic action in the field depends on additional factors, such as soil microorganisms. The action of microorganisms can cause the degradation of phytotoxins or render nontoxic compounds toxic.
However, authors such as Parayil, Honey, and Abhilash (2013) indicated that the allelopathic potential of this species was very large, recommending that other cultures, such as Vigna unguiculata (L). walp should be maintained near A. occidentale crop fields. The researchers indicated that by increasing the concentration of leaf extract there was a decrease in germination, shoot and root length, leaf area, fresh and dry weight, and stomatal index.
Conclusion
CNSL and the formulation had negative effects on the seeds of the species tested, to various degrees, indicating its chemical potential due to anacardic acid and cardol constituents and demonstrating that the use of these compounds under natural conditions may affect the survival of other species. Therefore, for use in the field, more studies are required to evaluate its environmental effects.
